The combination of electron-rich and electron-poor moieties in conjugated molecules is frequently utilized in order to red shift the absorption spectrum and improve photon harvesting in bulk heterojunction photovoltaic devices. In this study we characterize a conjugated thiophene dendrimer that has an electron-withdrawing core and electron-rich dendrons in order to investigate the effects of this design approach on the salient properties that influence the performance of photovoltaic devices with this dendrimer donor. Beside the absorption onset, these properties are the morphology of dendrimer:fullerene films and the dynamics of photoinduced carrier generation and loss. For comparison we also characterize a control dendrimer with the same structure but without the electron-withdrawing core. In addition to lowering the band gap by ca. 0.5 eV, the electron-withdrawing core also planarizes the dendrimer resulting in enhanced order in bulk heterojunction films. We observe longer photocarrier lifetimes in this ordered structure compared to the films of the predominantly amorphous control. The characterization of dendrimer:fullerene bulk heterojunction photovoltaic devices shows no voltage loss despite the decreased absorption onset. The properties of the device are consistent with the improved photocarrier lifetimes, but they are limited by a low short-circuit photocurrent density. We attribute this to electron confinement in the core that hinders transfer to the fullerene acceptor.
Introduction
Organic photovoltaics (OPV) have attracted much interest recently, with power conversion efficiencies exceeding 7% in polymer:fullerene bulk heterojunctions. 1 Extensive research in photoactive polymers has led to macromolecular designs that offer control of important properties that pertain to the performance of polymer:fullerene-based OPV. Alternating donoracceptor copolymers, also termed "push-pull" structures, have been designed to have low absorption onset, thereby improving the harvesting of solar photons. 2, 3 Design of the backbone and side chains [4] [5] [6] as well as processing additives 7 has offered control of the morphology of films that has led to improved charge carrier collection. It has also been recently recognized that the energetics at the polymer:fullerene interface, measured by the free energy difference for free-carrier production following exciton dissociation, is an important factor that may need to be considered in the design of next-generation materials for OPV. 8 While polymers have been at the forefront of solution-based OPV, solution processable small molecules are increasingly successful as donors, demonstrating device efficiencies up to 4.4% when blended with fullerene acceptors. 9 Small molecules are attractive because of their well-defined structure that allows for the in-depth understanding of their structure-property correlations that is crucial to the design of molecules tailored for OPV applications. 10 π-Conjugated dendrimers are a particular class of molecules with a highly branched structure that offers the possibility to "fill space" with electronically active groups without obstruction from the solubilizing groups. 11 Previously we have reported on the synthesis, 12, 13 spectroscopy, 14, 15 charge transport, 16, 17 and photovoltaic properties 18 of conjugated dendrimers composed of a phenyl core with conjugated thiophene dendrons ("arms") attached at ortho, para, and meta positions on the core. These dendrimers were primarily first generation, i.e., the dendron only had one branching point, with the number of R-linked thiophenes in the arm ranging from three to five, making these structures two-dimensional. Due to the high band gaps (>2 eV) and the poor morphology of these early version of dendrimers, device efficiency of bulk heterojunction blends using phenyl-C 61 -butyric acid methyl ester (PCBM) as the acceptor was limited to 1.3% under 1 sun. 18 In an effort to improve overlap with the solar spectrum, we recently reported on a series of thiophene dendrimers that were modified with electron-donating or -withdrawing groups in order to lower the band gap. 13 Shown in Figure 1 , the dendrimer 3G1-2S-CN (2) uses an electron-withdrawing cyanobenzene core and thiophene arms to create a push-pull structure that lowers the lowest unoccupied molecular orbital (LUMO). A similar dendrimer 3G1-2S-Ac (1), also shown in Figure 1 , was synthesized without the electron-withdrawing cyano groups on the core but is otherwise identical to 2. Compared to the control molecule 1, the optical absorption onset of 2 was ca. 0.5 eV lower. Cyclic voltammetry measurements showed this change to be primarily attributable to lowering of the LUMO level. 13 Previous density functional theory (DFT) calculations of the structure of 2 have shown that, with the exception of the -linked thiophene at the end of the dendron, the molecule is planar and therefore π-stacking should be favored in films. 15 The planar structure of dendrimer 2 can be attributed solely to the cyanobenzene core, since DFT calculations performed for 1 showed a bowl-shaped structure. Calculations of the frontier orbitals and transition densities also showed that the lower optical absorption onset is attributable to an intermolecular charge-transfer transition due to the combination of the electron-rich thiophene arms and electron-poor cyanobenzene core. 15 Here we show that in addition to red shifting the absorption onset, the change of the electronic structure of the core of dendrimer 2 influences a multitude of the essential properties of the bulk heterojunction device. We report the influence that this push-pull molecular structure has on morphology and photocarrier dynamics of both neat dendrimer films and bulk heterojunction films with PCBM acting as the acceptor. The OPV device performance of 1 and 2 with PCBM is also reported. We show that the planar structure of 2 promotes order in both neat and blend films, and also aids in the formation of PCBM crystallites in bulk heterojunctions. The improved order in films of 2 is shown to result in higher photoconductivity and longer photocarrier lifetimes compared to 1. These improvements to morphology and carrier dynamics result in a higher efficiency of 1.12% in OPV devices of 2:PCBM. Despite the decrease of the band gap of 2 by ca. 0.5 eV, devices retain a high V OC of 0.93 V. While the external quantum efficiency spectrum of 2:PCBM is red-shifted compared to that of 1:PCBM, its absolute values are not enhanced despite the improved morphology. We attribute this to electron confinement to the cyanobenzene core that may be impeding transfer to PCBM.
Experimental Section
Both dendrimers were synthesized by a convergent route with the dendrons and core separately synthesized and coupled to form the dendrimer in the final step. 13 Both dendrimers have almost identical structures except for the addition of three cyano groups attached at meta positions around the core of 2. The dendron structure remains the same with three thiophene dendrons attached to a phenyl core using acetylene groups. Acetylene groups were used as spacers to reduce crowding around the core. Each dendron was terminated with hexyl groups to improve solubility. For blend measurements, PCBM was purchased from Nano-C and was used as received.
For device and X-ray diffraction (XRD) film preparation, 20 mg/mL by weight solutions were used for both dendrimer and dendrimer:PCBM films. The blending ratio of 1:4 dendrimer: PCBM by weight was used for all blend films, since both 2 and other previously studied dendrimers 18 were optimized at this higher PCBM weight ratio. A toluene:chlorobenzene 1:1 by volume mixture was used as the solvent, and solutions were allowed to stir for 24 h at 60°C. To produce thicker films for contactless time-resolved microwave conductivity (TRMC) measurements, 40 g/L solutions were used. Quartz substrates (Gem Dugout) cut 6°from (0001) were used as film substrates for XRD measurements, while quartz slides (Allen Scientific Glass) were used for TRMC measurements. Device substrates consisted of patterned indium tin oxide (ITO) on glass. All substrates were similarly cleaned through sonication in acetone and isopropyl alcohol baths, followed by an O 2 plasma cleaning step. Device and TRMC films were spin-coated from solution at 800 rpm for 60 s, while XRD films were drop cast from solution. To complete OPV device structure, a 30 nm layer of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) was spin-coated on the ITO prior to the deposition of the active layer, and a 100 nm aluminum layer was thermally evaporated to act as the top contact, producing a device area of 0.11 cm 2 . UV-vis measurements were performed using a HewlettPackard 8453 UV-vis spectrophotometer. XRD measurements were carried out on a Scintag PTS 4-circle goniometer (Bragg-Brentano geometry) with Cu KR radiation. A liquid nitrogen cooled germanium detector was used, and each sample was scanned from 2°to 30°with a 0.10°/s scan rate. Solar cells were measured in a nitrogen atmosphere with a Keithley 236 source measurement unit under a 100 mW/cm 2 tungsten halogen bulb. Two calibrated Hamamatsu S1787-04 Si diodes were used to monitor the light intensity, and an Ocean Optics USB4000 spectrometer was used to determine the spectral mismatch. For external quantum efficiency (EQE) measurements, devices were illuminated by a chopped 300 W Xe lamp filtered by a monochromator and referenced against a calibrated silicon photodiode.
The photoconductance of each dendrimer and dendrimer: PCBM blend was measured by flash-photolysis TRMC, a pump-probe photoconductivity probe in which free carriers are generated in the organic film by a laser pulse and monitored with a steady-state microwave probe beam. Measurements were carried out in a similar manner as has been described previously. 19, 20 Each sample was placed in a resonance cavity at the end of an X-band microwave waveguide that allowed for optical excitation on one end through a grating. An optical parametric oscillator (OPO) pumped by a Q-switched Nd:YAG laser provided excitation pulses of 5 ns duration. The excitation wavelength was chosen to be near the absorption maximum of 1 and 2 at 450 and 550 nm, respectively. The laser power was controlled through various combinations of neutral density filters. Upon excitation, mobile carriers were produced within the film, leading to a drop in the measured microwave power within the cavity. This change in microwave power, ∆P, is related to the change in photoconductance, ∆G, by where K is an experimentally determined calibration factor. 21 This measured photoconductance is the convolution of the actual photoconductance with the response of the micowave cavity. 20 The peak of the photoconductance, called the end-of-pulse photoconductance ∆G EOP , can then be related to the sum of the electron and hole mobilities in the film, ∑µ, by where is the ratio of the interior dimensions of the waveguide, q e is the electronic charge, I 0 is the incident laser power, F A is the fraction of absorbed photons, and φ is the yield for freecarrier generation per absorbed photon. 22 While the TRMC measurement is sensitive to all free carriers in the film, in systems with a large mismatch in mobilities the most mobile carrier dominates the photoconductivity signal.
Results and Discussion
The normalized absorbances of 1 and 2 in both film and tetrahydrofuran (THF) solution are shown in Figure 2 . A single absorption peak is seen in the solution spectrum of 1, with a slight red shift in the film yielding an optical band gap of 2.4 eV. The solution spectrum of 2 shows two absorption bands. The short wavelength band coincides with the absorption band of 1, and this absorption band in both dendrimers can be attributed to transitions that take place solely within the thiophene arm due to the meta-linked dendrons limiting conjugation through the core. 15, 23 The longer wavelength band in 2 is attributed to an intermolecular charge-transfer transition between the dendron and the core and is the optical manifestation of the presence of the electron-poor cyanobenzene core. 15 This is further supported by the low photoluminescence quantum yield previously observed in dendrimer 2, since emission is typically less efficient in charge-transfer states. 13 The absorption spectrum of 2 in film is further red shifted indicating ordering in the solid state, consistent with XRD measurements in films (see below), although a contribution from a different dielectric environment in the film cannot be ruled out. The optical band gap can be estimated from these results to be 1.8 eV, in agreement with previous work. 13 Further evidence of ordering of dendrimer 2 is seen in XRD measurements of neat films, shown in Figure 3 . At low scattering 
angles (Figure 3a) , no ordering is seen in the neat film of 1, confirming that the bowl-shaped structure predicted from DFT calculations hinders dendrimer ordering. The neat film of 2 clearly forms ordered domains with a large diffraction peak at 2θ ) 2.6°, which corresponds to a d-spacing of 3.4 nm. There are also higher angle peaks in 2 at 3.5°and 5.5°, which correspond to d-spacings of 2.5 and 1.6 nm, respectively. These observations verify that the planar structure of 2 previously predicted by DFT calculations leads to order in thin films. Also the d-spacing suggests 2 has an edge-on alignment similar to what has been seen in other small molecules. 24 Figure 3a also shows XRD results from dendrimer:PCBM (1:4) bulk heterojunction films at low scattering angles. No ordering is seen in the blend of 1:PCBM, but a small peak is still seen in 2:PCBM at 2.4°, indicating that partial dendrimer ordering is retained despite the heavy PCBM loading.
The scattering at higher angles is shown in Figure 3b along with a drop-cast PCBM film. Both dendrimers show no ordering in neat films throughout the wide angle range. The 2:PCBM blend does show a number of peaks that correspond to peaks seen in the PCBM film. This suggests that the self-ordering properties of 2 increase the degree of phase separation in blends and promote crystallization of the PCBM-rich domains. No peaks are seen in the 1:PCBM (1:4) blend despite the equivalent PCBM loading, indicating an amorphous blend structure with a lesser degree of phase separation than is the case in 2:PCBM.
The differences in the film morphology of the two dendrimers have an impact on the photoconductivity of pure films and blends with PCBM, as measured by TRMC. Representative transients of the neat films and of bulk heterojunction dendrimer: PCBM (1:4) blends are shown in Figure 4 . The photoconductance at the same absorbed photon flux of the neat films of 1 and 2, shown in Figure 4a , is mainly attributed to mobile holes as the thiophene-based dendrons are likely to show the same preferential transport for holes as has been seen in thiophenebased polymers. Also, calculations of the reorganization energy of dendrimer 2 have shown that the reorganization energy for hole transfer is a factor of 7 lower than that for electron transfer, which leads us to conclude that the TRMC photoconductance is dominated by holes in the pristine film of 2. 16 The yield for carrier generation, φ, is expected to be small in both dendrimers compared to the dendrimer:PCBM blends. For comparison, in thiophene-based polymers a yield of ca. 2% was determined for neat polymer films while it is ca. 75% in blends with PCBM. 22, 25 The 5-fold increase in the photoconductance of pristine 2 can predominantly be attributed to two factors: (1) the increased local order in dendrimer 2 and/or (2) the low reorganization energy for hole transfer in 2 compared to other nonsubstituted thiophene dendrimers. 16 Currently we are unable to differentiate between these two mechanisms; however, it is clear that both arise from the planar structure of dendrimer 2, while the bowl-shaped structure of dendrimer 1 does not allow packing of the molecules in an ordered film, thereby reducing the coupling of π-orbitals and lowering the hole mobility that is measured by TRMC. Another factor that may contribute to the increase in ∆G of 2 is an increased carrier generation yield, φ, from the cyanobenzene core, consistent with the low photoluminescence quantum yield in this dendrimer. 13 The magnitude of the TRMC signal for neat dendrimer 2 (shown in Figure 5 ) is very similar to that in regioregular poly(3-hexylthiophene). 25 Since transport in both systems occurs via an ordered array of oligothiophenes, a drastic change in φ would manifest itself in the magnitude of the signal, contrary to observations.
A comparison of the normalized photoconductance decay for the neat films (Figure 4c) shows that the photoconductivity decays after the initial carrier generation are identical, indicating similar photocarrier lifetimes in the two dendrimers despite the higher overall photoconductivity in 2.
In the dendrimer:PCBM 1:4 blends there is a larger difference in the photoconductance, shown in Figure 4b . At the same absorbed photon flux the 2:PCBM blend has a photoconductivity ca. 10 times higher than the 1:PCBM blend. The crystalline PCBM phase that is only present in 2:PCBM blends increases ∆G due to the high electron mobility in this phase, as has been reported previously. 26 The photoconductivity signal from 1:PCBM includes contributions from both holes in 1 and electrons in PCBM, but poor phase separation present in this blend most likely reduces the electron mobility in the PCBM. When comparing the normalized photoconductivity decays of the blends (Figure 4d ), the carrier lifetime is unchanged in 1:PCBM compared to the neat film of 1, while the carriers are longer lived in 2:PCBM. We attribute this to the higher degree of order of the dendrimer and fullerene phases in 2:PCBM. As has been observed in other systems, ordering may provide a pathway for separated carriers to escape the interface, thereby enhancing their lifetimes. 27, 28 Using eq 2, the product of the yield for carrier generation and the sum of electron and hole mobilities, φ∑µ, was calculated from ∆G EOP for the neat dendrimer films and the dendrimer: PCBM blends and is plotted in Figure 5 versus absorbed photon flux. The decline seen in φ∑µ as the absorbed photon flux increases has been well documented in previous work and is attributed to higher-order loss mechanisms that set in at high light intensities. 20, 22 At low light intensities the contribution of these higher-order loss processes diminish, and the φ∑µ product becomes independent of light intensity. This regime is reached for the blends, but not for the pristine dendrimers due to their lower photoconductance signal that does not permit measurements at very low absorbed photon flux.
Overall, there is an increase in the φ∑µ product in the cyanomodified dendrimer 2 in both neat and blend films. At the lowest absorbed photon flux in the neat 2 film the φ∑µ is 10 -4 cm 2 / (V s), which is similar to published values for poly(3-hexylthiophene) of 3.5 × 10 -4 cm 2 /(V s). 22 While there are significant differences between 2 and poly(3-hexylthiophene), a comparison between them may still be instructive: both materials show order in the solid state and their electronically active components are conjugated segments composed of planar oligothiophenes.
When comparing the neat films to the dendrimer:PCBM blends, the φ∑µ product is higher for the blends at all photon fluxes, indicating enhanced free-carrier production due to the presence of the acceptor, as expected. 20, 29 The magnitude of φ∑µ at low light intensities is higher by ca. a factor of 10 in 2:PCBM than in 1:PCBM. We attribute this large change in φ∑µ and the longer-lived carriers seen in the decay transients to the morphology of the blend films, as already mentioned. The absence of order in dendrimer 1 indicates a completely amorphous structure that may involve fine mixing of the dendrimer and fullerene in the blend, increasing recombination due to the closer proximity of the hole in the dendrimer and the electron in the fullerene phase, consistent with the shorter lifetimes observed. The lower φ∑µ product for 1:PCBM is attributed to low carrier mobilities caused by the absence of order in either dendrimer and fullerene phase.
In a recent report, Grzegorczyk et al. showed that ∑µ, measured by TRMC in poly(3-hexylthiophene):PCBM bulk heterojunctions, is dominated by the electron mobility in PCBM, which for highly ordered films has a minimum value of ca. 0.07 cm 2 /(V s). 30 A value of >0.04 cm 2 /(V s) has also been measured for the ∑µ of PCBM powders using pulse radiolysis. 26 For Figure 5 . The φ∑µ product for both neat dendrimers and dendrimer:PCBM blends as a function of photon flux.
comparison, the hole mobility in poly(3-hexylthiophene) has been quoted at 0.014 cm 2 /(V s). 31 Assuming that ∑µ in 2:PCBM is dominated by carriers in the crystalline PCBM domains, and taking the value for their mobility to be in the range 0.04-0.07 cm 2 /(V s), 30 the data from Figure 5 allow us to estimate the yield for free-carrier generation per photon absorbed, φ, to be in the range 0.28-0.49 and possibly even lower when the highest range of the ∑µ in PCBM crystallites (up to 0.3 cm 2 / (V s)) 26 is considered. By contrast, the yield in poly(3-hexylthiophene) with just 1% PCBM is 0.75 and increases in blends with higher PCBM content. 20 We attribute the low yield for 2:PCBM to a combination of two factors: (1) confinement of the electron to the dendrimer core and (2) phase separation between 2 and PCBM that prevents the PCBM from accessing the dendrimer core. Calculations have shown that the excited state of 2 has significant charge-transfer character, with negative charge confined to the cyanobenzene core and positive charge delocalized over the conjugated oligothiophene arm. 15 A similar "charge trapping" process at a dendrimer core has previously been identified for other dendritic architectures. 32 Confinement of the electron to the core, combined with the physical separation between dendrimer and PCBM domains, may make the fullerene inaccessible to the electron, thereby hampering efficient electron transfer and limiting φ.
The above analysis to estimate φ is not feasible for 1:PCBM as in this case no ordered PCBM domains are observed and it is plausible that the mobility of carriers in that blend will be much lower than the value quoted for ordered PCBM. Indeed it has been shown that the ∑µ in disordered poly(3-hexylthiophene):PCBM bulk heterojunctions deposited from chloroform and not annealed can be as low as 0.004 cm 2 /(V s). 30 In bulk heterojunction dendrimer:PCBM (1:4) devices, dendrimer 2 demonstrates improved J-V characteristics compared to 1, shown in Figure 6 . A fairly high open circuit voltage (V OC ) of 0.93 V is seen in 2:PCBM, which is higher than the 0.75 V seen in 1:PCBM. The similar highest occupied molecular orbital energy levels obtained in each dendrimer from cyclic voltammetry 13 would predict similar maximum attainable V OC values in devices with PCBM. 33 We attribute the V OC loss in 2:PCBM to increased recombination, consistent with the shorter carrier lifetimes seen by TRMC.
A slightly improved short circuit current (J SC ) is also seen in 2:PCBM, with the J SC increasing from 2.0 mA/cm 2 in 1:PCBM to 2.5 mA/cm 2 in 2:PCBM. However, the magnitude of the difference in band gap between dendrimers 1 and 2 would predict a much larger difference in J SC . We attribute this to electron confinement in the cyanobenzene core as discussed above. The largest improvement in devices is seen in the fill factor, where the fill factor in 1:PCBM is only 28%, which is likely due to high carrier recombination. In 2:PCBM the fill factor increases to 47%, leading to an overall power conversion efficiency of 1.12%, compared to 0.40% in 1:PCBM. We attribute the higher fill factor to the improved morphology of the 2:PCBM bulk heterojunction. The EQE of each blend device is shown in Figure 7 . The 1:PCBM device shows a peak corresponding to the primary absorption of the dendrimer, and a long tail at longer wavelengths that is attributed to contribution from PCBM due to the high loading ratio used. The slight shoulder seen at 560 nm in 1:PCBM is also attributed to PCBM, as a comparison of the normalized EQE of separate 1:1 and 1:4 blend devices of 1:PCBM, shown in the inset of Figure 7 , which shows the reduction of that peak in the lower PCBM loaded sample. A broader photoresponse is seen in the 2:PCBM device, indicating that the short and long wavelength absorption regions of dendrimer 2 contribute almost equally to device performance. The peak EQE for 1:PCBM is 26% at 450 nm, while the highest EQE in 2:PCBM is 17% at 435 nm. The lower EQE in 2:PCBM is also consistent with the reduced φ due electron confinement in the core. The integrated photocurrents of 1:PCBM and 2:PCBM were 2.1 and 2.3 mA/cm 2 , respectively, verifying experimental J SC values.
Conclusions
We have shown how a systematic modification of a thiophene dendrimer molecular system can modify the properties from the molecular to the device level. In particular, attachment of cyano groups to the dendrimer core created an intramolecular "push-pull" electronic structure that increased the overlap with the solar spectrum and planarized the molecule, leading to improved morphology both in pristine films and in blends with PCBM. The improved local order when the planar dendrimer was used resulted in longer photocarrier dynamics in the blends and a higher overall photoconductance signal. Power conversion efficiencies were greatly improved in 2:PCBM relative to 1:PCBM, due largely to increased fill factor and V OC stemming from the increased degree of order. The lower than expected J SC of the planar dendrimer is attributed to electron confinement in the cyanobenzene core that impedes transfer to PCBM. This implies that future push-pull designs for dendrimers may benefit from placing the electron-withdrawing moiety at the periphery of the molecule where electronic coupling to PCBM may be favored.
